Using an ex vivo liver sanguinous perfusion system, hemodynamic and biochemical changes of the porcine livers were studied, which were preserved cold (4°C) for 24 hr in University of Wisconsin solution and reperfused with normothermic (37°C) (n=8) or hypothermic (32°C) (n=8) blood for 3 hr. Six more livers were reperfused with normothermic blood (37°C) immediately after procurement as controls. The total hepatic blood flow was adjusted to 1 ml/min/g liver weight, in which hepatic artery and portal vein flows were administered at a 1:2 ratio. In livers stored cold for 24 hr in UW solution and perfused normothermically, a statistically higher hepatic artery resistance was exhibited at 30 and 60 min after reperfusion (P<0.05), and there was lower bile output (P<0.05) at 90 and 120 min as compared to the controls. In livers stored cold for 24 hr in UW solution and perfused hypothermically, as compared to ones perfused normothermically, statistically higher hepatic-artery and portal-vein resistances (P<0.05) were observed throughout the perfusion period and 60 min after reperfusion, respectively. In addition, bile output and oxygen consumption of these livers were statistically lower than those of ones perfused normothermically (P<0.05). In contrast, chemistries of the perfusate of livers perfused hypothermically were comparable to ones perfused normothermically. Histologic examination of the li ver perfused hypothermically demonstrated hepatic arterial and/or portal venous congestion and mild-to-moderate hemorrhage in the portal triads. This study suggests that livers preserved for a prolonged period of time demonstrate a high hepatic arterial resistance shortly after revascularization, and that recipient hypothermia after revascularization may be a risk factor for the development of hepatic arterial thrombosis following liver transplantation.
Using an ex vivo liver sanguinous perfusion system, hemodynamic and biochemical changes of the porcine livers were studied, which were preserved cold (4°C) for 24 hr in University of Wisconsin solution and reperfused with normothermic (37°C) (n=8) or hypothermic (32°C) (n=8) blood for 3 hr. Six more livers were reperfused with normothermic blood (37°C) immediately after procurement as controls. The total hepatic blood flow was adjusted to 1 ml/min/g liver weight, in which hepatic artery and portal vein flows were administered at a 1:2 ratio. In livers stored cold for 24 hr in UW solution and perfused normothermically, a statistically higher hepatic artery resistance was exhibited at 30 and 60 min after reperfusion (P<0.05), and there was lower bile output (P<0.05) at 90 and 120 min as compared to the controls. In livers stored cold for 24 hr in UW solution and perfused hypothermically, as compared to ones perfused normothermically, statistically higher hepatic-artery and portal-vein resistances (P<0.05) were observed throughout the perfusion period and 60 min after reperfusion, respectively. In addition, bile output and oxygen consumption of these livers were statistically lower than those of ones perfused normothermically (P<0.05). In contrast, chemistries of the perfusate of livers perfused hypothermically were comparable to ones perfused normothermically. Histologic examination of the li ver perfused hypothermically demonstrated hepatic arterial and/or portal venous congestion and mild-to-moderate hemorrhage in the portal triads. This study suggests that livers preserved for a prolonged period of time demonstrate a high hepatic arterial resistance shortly after revascularization, and that recipient hypothermia after revascularization may be a risk factor for the development of hepatic arterial thrombosis following liver transplantation.
Recent introduction of University of Wisconsin solution now allows preservation of the hepatic graft safely for up to 24 hr (1) . Nevertheless, little is known about the effect of prolonged cold storage on vascular resistance of the hepatic allograft. The purpose of this study was to identify the changes in the resistance of the graft hepatic artery and portal vein after revascularization and to evaluate the effect of hypothermia, a condition commonly encountered during liver transplantation procedures (2) (3) (4) , on vascular resistance as well as on the viability of the hepatic graft.
MATERIALS AND METHODS
Organ harvesting. Outbred pigs weighing 17.3-30.0 kg (mean, 21.8 kg) were used for the experiment. The animals were anesthetized with 25 mg/kg of i.v. thiamylal and were given 100% oxygen via an endotracheal tube. Details of the techniques of allograft hepatectomy and the sanguinous perfusion system are described elsewhere (5) . Briefly, livers were harvested from a total of 22 pigs. The livers were procured during in situ flushing with 2000 ml of lactated Ringer's solution (4 'C) via the portal vein at a pressure of approximately 60 cmH20 and then stored cold (4 'C) after being flushed with the preservation solution studied. The cystic duct was ligated, and the common bile duct was cannulated with a 16-gauge catheter to monitor bile output.
Isolated perfusion. A total of 3000 ml of blood was obtained from two blood donor animals as well as from a liver donor. The hematocrit of the perfusate was adjusted to approximately 20% by dilution with lactated Ringer's solution. One L/min of oxygen was administered through the oxygenator while the circuit was warmed by a heat exchanger to maintain a stable temperature (37 or 32'C). The pH of the perfusate was adjusted to 7.40 with the administration of sodium bicarbonate or carbon dioxide gas into the circuit. The livers were reperfused via the portal vein with a continuous flow and via the hepatic artery with a pulsatile flow. The total liver flow of 1 ml/min/g liver tissue was maintained for 3 hr. The flow was divided into 0.67 ml/min/g liver tissue through the portal vein and 0.33 ml/min/g liver tissue through the hepatic artery. The blood flow was measured using a Transonic full-flow illumination transit-time ultrasonic flowmeter, model T201 (Transonic Systems Inc., Ithaca, NY). The portal venous flow was maintained by adjusting the height of the upper reservoir, and the hepatic arterial flow was controlled by adjusting the stroke volume of the pulsatile pump. The pulse rate of the pulsatile pump was fixed at 70/min. The biliary cannula was externally drained to measure bile output. Blood samples were obtained at the end of every 30 min, and bile output was recorded for the full 30 min. Livers biopsied were obtained hourly for histologic evaluation of the graft. Glutamic-oxaloacetic transaminase (GOT),* glutamic-pyruvic transaminase (GPT), lactate dehydrogenase (LDH), and electrolytes were measured from the perfusate every 30 min. Hemolysis could be seen grossly in the perfusate samples but was not measured.
Oxygen consumption was calculated every 30 min according to the following formula: oxygen consumption = (A02 sat -EO, sat)xHgb x 1.34 X (FHA + Fpv)/Iiver weight (g) * Abbreviations: GOT, glutamic-oxaloacetic transaminase; GPT, glutamic-pyruvic transaminase; LDH, lactate dehydrogenase.
where A02 sat = oxygen saturation of the affluent (%); E02 sat = oxygen saturation of the effluent (%); Hgb = hemoglohin of the perfusate (g/dl); FHA = hepatic arterial flow (ml/min); F PV = portal venous flow (ml/min).
The grafts were divided into 3 groups. Group 1 (n=6). Livers were preserved in lactated Ringer's solution and perfused normothermically (37"C) for 3 hr following minimal cold preservation time (0.83-2.5 hr; mean, 1.4 hr).
Group 2 (n=8). Livers were preserved cold for 24 hr in UW solution (4 'C) and then perfused normothermically (3TC).
Group 3 (n=H). Livers were preserved cold for 24 hr in UW solution (4'C) and then perfused hypothermically (32'C).
In groups 2 and 3, UW solution was flushed out just prior to sanguinous reperfusion with 500 ml of lactated Ringer's solution at a pressure of approximately 60 cm H 2 0.
The Student's t test was used for the statistical evaluation. Table 1 lists the preservation time and the perfusate temperature in each group.
RESULTS
Hepatic arterial resistance (Fig. 1) . In group 1, the arterial resistance showed a rapid reduction and remained low thereafter, while the resistance began to increase slightly after 150 min. In group 2, the arterial resistance remained unchanged for the first 60 min and then started to decrease thereafter. In group 3, the arterial resistance was significantly higher than that of group 2 after the initial measurement (P<0.05).
Portal venous resistance (Fig. 2) . In groups 1 and 2, the changes in the portal venous resistance were similar; the resistance declined rapidly during the first 60 min. In group 3, the portal venous resistance decreased much slower than that of group 2 (P<0.05 at 60, 90, 120, and 150 min).
Bile flow (Fig. 3) . Livers in groups 1 and 2 commenced to 
....
•.... produce thick, yellowish bile within 30 min after reperfusion, while the output was lower among the livers in group 2. The bile production of the livers in groups 1 and 2 peaked at 90 min and decreased thereafter. The bile output of the livers in group 3 was significantly lower than that of group 2 (P<0.05 at 90 and 120 min). Most of the livers in group 3 produced thin and watery bile.
Oxygen consumption (Fig. 4) . Although changes in oxygen consumption were similar in each group, the livers in group 3 consumed significantly less oxygen per gram of liver tissue than did groups 1 or 2 (P<0.05).
Liver weight. As shown in Table 2 , the liver weight of each group increased significantly after the perfusion. However, the degree of weight gain was comparable in all groups.
Perfusate GOT level (Fig. 5) . The GOT level increased steadily in groups 2 and 3, which were comparable. In group 1, the increase was minimal and achieved statistically significant difference from group 2 (P<0.05).
Perfusate LDH level (Fig. 6) . The change was similar to that of GOT. The LDH release was most pronounced in group 2. 
Liver weight (g) Weight gain There were no significant changes in GPT, bilirubin, acid phosphatase, and electrolytes of the perfusate in each group.
Histologic examination. Livers in group 1 exhibited mild periportal sinusoidal congestion, scattered hepatocellular necrosis, and diffuse microvesicular steatosis at 2-3 hr after reperfusion. Just prior to reperfusion, the histologic features of the livers in groups 2 and 3 were similar to that of group l. Two to 3 hr after reperfusion, the livers in group 2 exhibited worsening microvesicular steatosis and periportal sinusoidal congestion with scattered hepatocellular necrosis. In group 3, 5 of 8 livers demonstrated hepatic arterial and/or portal venous congestion as well as mild-to-moderate hemorrhage in the portal triads (Fig. 7) . Although microvesicular steatosis and mild scattered hepatocellular necrosis were also observed, histologic changes were pronounced in the portal triads contrary to the other two groups.
DISCUSSION
This liver perfusion system in large animals allowed reproducible evaluation of various biochemical and hemodynamic changes associated with revascularization of the liver. During normothermic sanguinous reperfusion, livers stored cold for 24 hr in UW solution exhibited higher hepatic arterial resistance as compared to the control. The bile production has been known as a sensitive indicator of the viability of the liver (6) (7) (8) (9) , which tended to be lower in the livers preserved 24 hr in UW solution. On the other hand, portal vein resistance and oxygen consumption were comparable between the two groups. Although perfusate hemolysis was always present, this was time related, and since the reperfusions were of equal duration in all the groups hemolysis was an unlikely explanation for the differences between groups.
Hypothermia is a commonly encountered phenomenon during liver transplantation, especially in children. Rapid reduction of the body temperature takes place soon after revascularization (2-4). In our study, livers perfused at 32°C exhibited higher hepatic arterial and portal venous resistances.
As to the cause of increased hepatic arterial and portal venous resistance in hypothermic perfusion of the liver, Adams et al. (10) demonstrated in dogs that the liver in hypothermia increased its size and contained excessive blood. They speculated that this might reflect redistribution of blood from the extremities to the splanchnic beds. In our study, most of the livers perfused hypothermically exhibited swelling during perfusion. However, the weight of the liver graft was not any heavier than that of livers perfused normothermically. Histologic examination of the livers perfused hypothermically, on the other hand, exhibited hepatic arterial and/or portal venous congestion. These findings seem to indicate that congestion of the blood in the sinusoids rather than cellular edema is responsible for the FIGUR E 7. Sections from a liver in group 3 at 120 min after reperfusion. A. Hemorrhage in the portal tracts and portal to portal areas is seen. No hepa t.ocellular necros is is observed (H&E; orig"inal magnification X4). B. High magnification demon"'MuCl's hemorrhage in the portal tract as well as ("onge~tion of the portal vein and the hepatic artery (arrows) (H&E; original magnification x100).
swelling of the graft. In the hypothermic state, hemoconcentration and increase in the vi,,;;osity of blood take place in the peripheral blood (J 1, ]2). These variables might have played a role in the congestion of the liver.
As to the functional al tera t ion of the liver in hypothermia, Brokaw, and Penrod (13) demonstrated a 75 % increase in bromsulfophthalein retention in dogs that were cooled to 23'C as compared with 37"C . KaIser et al. (14, 15) observed reduced metabolic and excretory function of the liver during hypothermia (25'C and 17' C ) wit h the use of CH -atropine in the perfused rat liver. Brauer et al. (16) demonstra ted that bile product ion ceases at approximately 25° and is maximal between 38 and 40'C in the isolated rat. liver. T era moto et al. (17) reported that arteriovenous 0 , difference decreases 36% at 29'C in dogs. Thus, liver function seems to be diminished quantitatively during hypothermia. In the livers perfused col d, the bile production and the oxygen consumption were less than 30 and 50'1,' of those perfu. ed normothermically, respectively. On the other hand, intracellular enzymes (GOT and LDH) in the perfusate were comparable to those perfused normothermic ally after 24 hr of cold storage. Furthermore, their histologic findings exhibited no significant pathologic damage in the hepatic parenchyma.
Hypothermic sanguinous perfusion of the liver may therefore be associated with diminished function but without parenchymal injuries to the liver.
The high hepatic arterial resistance in the livers preserved cold for 24 hr and perfused hypothermically seems to indicate that hypothermia after revascularization of the hepatic graft may be a contributing factor to the development of hepatic arterial thrombosis following liver transplantation, especially after prolonged preservation.
